Purpose To describe the long noncoding RNA (lncRNA) profiles in cumulus cells isolated from polycystic ovary syndrome (PCOS) patients by employing a microarray and in-depth bioinformatics analysis. This information will help us understand the occurrence and development of PCOS. Methods In this study, we used a microarray to describe lncRNA profiles in cumulus cells isolated from ten patients (five PCOS and five normal women). Several differentially expressed lncRNAs were chosen to validate the microarray results by quantitative RT-PCR (qRT-PCR). Then, the differentially expressed lncRNAs were classified into three subgroups (HOX loci lncRNA, enhancer-like lncRNA, and lincRNA) to deduce their potential features. Furthermore, a lncRNA/mRNA co-expression network was constructed by using the Cytoscape software (V2.8.3, http://www.cytoscape.org/). Results We observed that 623 lncRNAs and 260 messenger RNAs (mRNAs) were significantly up-or down-regulated (≥2-fold change), and these differences could be used to discriminate cumulus cells of PCOS from those of normal pat i e n t s . F i v e d i f f e r e n t i a l l y e x p r e s s e d l n c R N A s (XLOC_011402, ENST00000454271, ENST00000433673, ENST00000450294, and ENST00000432431) were selected to validate the microarray results using quantitative RT-PCR (qRT-PCR). The qRT-PCR results were consistent with the microarray data. Further analysis indicated that many differentially expressed lncRNAs were transcribed from chromosome 2 and may act as enhancers to regulate their neighboring protein-coding genes. Forty-three lncRNAs and 29 mRNAs were used to construct the coding-non-coding gene coexpression network. Most pairs positively correlated, and one mRNA correlated with one or more lncRNAs. Conclusions Our study is the first to determine genome-wide lncRNA expression patterns in cumulus cells isolated from PCOS patients by microarray. The results show that clusters of lncRNAs were aberrantly expressed in cumulus cells of PCOS patients compared with those of normal women, which revealed that lncRNAs differentially expressed in PCOS and normal women may contribute to the occurrence of PCOS and affect oocyte development.
Introduction
Polycystic ovary syndrome (PCOS) is one of the most common endocrinopathies in women of reproductive age [1] and Capsule Our study is the first to determine genome-wide lncRNA expression patterns in cumulus cells isolated from PCOS patients by microarray.
Electronic supplementary material The online version of this article (doi:10.1007/s10815-015-0630-z) contains supplementary material, which is available to authorized users. accounts for approximately 75 % of anovulatory infertility [2] . The phenotype of PCOS is variable and includes hyperandrogenism, menstrual irregularity, and polycystic ovarian morphology [3] . Patients suffering from PCOS are also characterized by obesity, hirsutism, insulin resistance and increased risks of endometrial cancer, metabolic syndrome [4] , type 2 diabetes (T2D), and cardiovascular disease [5, 6] . Thus, understanding the mechanism of this endocrine disease is imperative as a primary step to finding effective diagnostic and therapeutic targets. Although the etiology of PCOS remains unclear, most researchers accept that PCOS is multifactorial and that genetic factors play pivotal roles in its development and maintenance [7, 8] . Many studies have reported gene expression profiles based on tissues from PCOS and control patients. These studies utilized cDNA microarrays in theca cells [9] , whole ovaries [10, 11] , oocytes [12] , and cumulus cells [13] . The data from these studies revealed a number of the genes associated with PCOS are primarily involved in the insulin receptor signaling pathway, steroid biosynthesis, and the regulation of gonadotropin secretion [14] .
However, the overwhelming majority of the transcriptional outputs of the mammalian genome were confirmed to be protein noncoding genes [15] . Over the past decade, noncoding RNAs have been proven to have important regulatory potential, both in transcription and post transcription, instead of just being Btranscription noise^ [16] . Noncoding RNAs are divided into short noncoding RNAs and long noncoding RNAs according to their length. Recent studies have revealed that microRNAs, the best-studied short noncoding RNAs, are differentially expressed in the follicular fluid of PCOS patients [17, 18] . Moreover, an increasing body of evidence indicates that lncRNAs longer than 200 nucleotides play key roles in both normal development and diseases [15] . Some lncRNAs have been identified in recent years that are involved in diseases closely related to PCOS. For example, HI-LNC25, a β cell-specific lncRNA, is dysregulated in type 2 diabetes, due to the down-regulation of the Kruppel-like zinc finger transcription factor (GLIS3) mRNA [19] . Braveheart (Bvht), a heart-associated lncRNA, is required for the progression of nascent mesoderm toward a cardiac fate [20] . One hundred and seventy-five lncRNAs are specifically regulated during adipogenesis [21] . PU.1 AS lncRNA binds to PU.1 mRNA to form an mRNA/AS lncRNA duplex in pre-adipocytes, thus promoting adipogenesis by preventing PU.1 mRNA translation [22] . Furthermore, estradiol (E2) can modulate lncRNA expression in E2 receptor (ER) α-positive epithelial ovarian cancer (EOC) cells, and certain lncRNAs have been correlated with advanced cancer progression [23] . However, the lncRNA expression profiles in PCOS have not yet been studied.
Although clinical and biochemical signs of PCOS are typically heterogeneous, abnormal folliculogenesis is regarded as a common characteristic of PCOS [24, 25] . Cumulus cells (CCs), a subset of granulosa cells, are intimately connected to oocytes and are responsible for providing several trophic and metabolic factors to the pre-ovulatory oocyte. Cumulus and granulosa cells are the major source of estradiol. For PCOS patients, the apoptosis level is increased in granulosa cells [26] . Moreover, PCOS granulosa cells, unlike normal granulosa cells, show a limited capacity to synthesize progesterone, either spontaneously or in response to follicle-stimulating hormone (FSH) stimulation [27] . However, the dysfunction of cumulus cells in PCOS and how lncRNAs regulate the pathogenesis of PCOS in cumulus cells remain unclear. In this study, to elucidate the abnormal development of oocytes or anovulation of PCOS, aberrantly expressed lncRNAs in the cumulus cells of PCOS patients were identified by using microarray to compare them with their expression levels in normal women.
Materials and methods

Patients' characteristics and isolation of CCs
Seventy patients (35 PCOS patients and 35 normal patients) referred to our center for in vitro fertilization (IVF) were included in this study, after obtaining written informed consent. This study was approved by the institutional ethical review board of The Affiliated Hospital of Qingdao Medical University (Yuhuangding Hospital of Yantai). The PCOS patients were diagnosed by the presence of two or more of the following features: chronic oligo-ovulation or anovulation, androgen excess, and polycystic ovaries (ultrasound imaging). We excluded patients with Cushing's syndrome, congenital adrenal hyperplasia, and androgen-secreting tumors. Normal patients had regular menstrual cycles and normal ovary sonographs, were non-diabetic, showed no clinical signs of hyperandrogenism, and only had tubal disease. The clinical characteristics of the PCOS and normal patients are indicated in Table 1 . The age (<36 years), BMI (ranging between 20 and 28 kg/m 2 ), and basal serum E2 (ranging between 35 and 46 pg/ml) did not significantly differ between the PCOS or normal patients. However, other clinical characteristics, including basal serum luteinizing hormone (LH), basal serum LH/FSH, serum androgen, and the number of obtained oocytes per cycle, significantly differed between the two groups. The average level of basal serum LH was 7.91 mIU/ml in PCOS patients and approximately 4.30 mIU/ml in the normal patients. In PCOS patients, the ratio of basal serum LH/FSH exceeded 2.0, and the level of serum androgen exceeded 0.5 ng/ml. For PCOS patients, the numbers of obtained oocytes ranged between 12 and 28 per cycle, while approximately 10 oocytes per cycle were obtained from normal patients.
Patients in both groups underwent controlled ovarian stimulation (COS) (combination of GnRH agonist protocols with recombinant FSH), as described previously [28] . Specifically, all patients received 0.05 mg/day of the GnRH agonist triptorelin acetate (diphereline, Ipsen Pharma Biotech, Paris, France), subcutaneously, starting at the mid-luteal phase. Once adequate pituitary down-regulation was confirmed (serum LH levels <3.0 ng/ml and serum E2 levels <30 pg/ml), the patients subcutaneously received 150-187.5 IU recombinant FSH (Gonal-f, follitropin alfa, Serono) for COS. When two or more follicles were at least 18 mm in diameter and the serum E2 levels were at least 300 pg/ml per dominant follicle, all patients received 250-μg human chorionic gonadotropin (hCG) (Profasi, Serono). Cumulus-oocyte complex (COC) retrieval was performed by vaginal puncture under ultrasound echo-guidance 36 h after hCG administration.
The cumulus cells were retrieved, and the oocytes were cultured and inseminated as described previously [29] . In brief, after COC retrieval, a proportion of the CCs surrounding a single oocyte was removed using a sharp needle, lysed in 80 μl of RLT buffer (RNeasy Mini Kit, Qiagen) supplemented with 1 % (v/v) 2-β-mercaptoethanol (M-3148; Sigma, Lyon, France), and stored at −80°C until RNA extraction. The oocytes were then inseminated, and embryos were individually cultured in 20-μl droplets of sequential SAGE medium (CooperSurgical, Leisegang Medical, Berlin) covered by mineral oil. The embryos were transferred or vitrified on day 3, and the other embryos were cultured to the blastula stage (until day [5] [6] . The cumulus cells isolated from ten patients (five PCOS and five normal patients) were used for the microarray analysis of lncRNAs, and those isolated from the other 60 patients (30 PCOS and 30 normal patients) were used for an extra evaluation by quantitative RT-PCR (qRT-PCR).
RNA extraction
The cumulus cells isolated from a single patient were pooled together to extract the total RNA. The total RNA was isolated using the Qiagen RNeasy Mini Kit (Qiagen, Hilder, Germany) according to the manufacturer's instructions. This RNA isolation kit significantly reduces contamination from both genomic DNA and proteins. The purity and concentration of RNA were determined from OD260/280 readings using a spectrophotometer (NanoDrop ND-1000). The RNA integrity was determined with 1 % formaldehyde denaturing gel electrophoresis.
RNA labeling and array hybridization
The purified RNA, total RNA with the ribosomal RNA (rRNA) removed, was amplified and transcribed into fluorescent cDNA for hybridization to the Agilent human lncRNA+ mRNA Array v2.0 (4×180 K format). Each array contains probes that interrogate approximately 39,000 human lncRNAs and approximately 32,000 mRNAs. These lncRNA and mRNA target sequences were merged from multiple authoritative databases: 4765 from RefSeq, 12,754 from ENSEMBL, 8195 lincRNA from John Rinn's lab [30] , 1289 from NRED (ncRNA Expression Database), 17,203 from HInvDB, 2975 from ENCODE, 529 from CombinedLit, 1053 from Antisense ncRNA pipeline, 407 Hox ncRNAs, 481 UCRs, and 848 from Chen Ruisheng's laboratory (Institute of Biophysics, Chinese Academy of Science). The array also contains 4974 Agilent control probes. These probes were used to detect each RNA twice as follows: cDNA was labeled with a fluorescent dye (Cy3-dCTP) using Eberwine's linear RNA amplification method and a subsequent enzymatic reaction. This procedure was improved using the CapitalBio cRNA Amplification and Labeling Kit (CapitalBio) to increase the yields of labeled cDNA. In detail, double-stranded cDNAs (containing the T7 RNA polymerase promoter sequence) were synthesized from 1 μg of total RNA using the CbcScript reverse transcriptase with a cDNA synthesis system and the T7 Oligo (dT) and T7 Oligo (dN) primers according to the manufacturer's protocol (CapitalBio). After completing the double-stranded cDNA (dsDNA) synthesis using DNA polymerase and RNase H, the dsDNA products were purified using a PCR NucleoSpin Extract II Kit (MN) and eluted with 30 μL of elution buffer. The eluted double-stranded cDNA products were vacuum-evaporated to 16 μL and transcribed in vitro in a total volume of 40 μL at 37°C for 14 h using a T7 Enzyme Mix. The amplified cRNA was purified using the RNA Clean-up Kit (MN). The Klenow enzyme labeling strategy was adopted after reverse transcription using CbcScript II Data are the mean±SEM NS non-significant reverse transcriptase. Briefly, 2 μg of amplified RNA was mixed with 4 μg of random nanomers. The RNA was then denatured at 65°C for 5 min and cooled on ice. Subsequently, 5 μL of 4× first-strand buffer, 2 μL of 0.1 M DTT, and 1.5 μL of CbcScript II reverse transcriptase were added. The mixtures were incubated at 25°C for 10 min, then at 37°C for 90 min. The cDNA products were purified using a PCR NucleoSpin Extract II Kit (MN) and vacuum-evaporated to 14 μL. The cDNA was mixed with 4 μg of random nanomers, heated to 95°C for 3 min, and snap-cooled on ice for 5 min. Subsequently, 5 μL of Klenow buffer, dNTPs, and Cy3-dCTP (GE Healthcare) were added to final concentrations of 240-μM dATP, 240-μM dGTP, 240-μM dTTP, 120-μM dCTP, and 40-μM Cy-dCTP. Klenow enzyme (1.2 μL) was then added, and the reaction was performed at 37°C for 90 min. The labeled cDNA was purified with a PCR NucleoSpin Extract II Kit (MN) and re-suspended in elution buffer. The labeled controls and test samples labeled with Cy3-dCTP were dissolved in 80 μL of hybridization solution containing 3× SSC, 0.2 % SDS, 5× Denhardt's solution, and 25 % formamide. The DNA in the hybridization solution was denatured at 95°C for 3 min prior to being loaded onto a microarray. The arrays were hybridized in an Agilent hybridization oven overnight at a rotation speed of 20 rpm and a temperature of 42°C. The arrays were then washed in a solution containing 0.2 % SDS and 2× SSC at 42°C for 5 min, then in 0.2× SSC for 5 min at room temperature. The microarray was analyzed by CapitalBio Corporation, Beijing, P. R. China.
Microarray imaging and data analysis
The lncRNA+mRNA array data were analyzed to summarize and normalize the data and control their quality using the GeneSpring software V11.5 (Agilent). To select the differentially expressed genes, we used threshold values of ≥2.0-and ≤ −2.0-fold changes and a Benjamini-Hochbergcorrected P value of 0.05. The data were log2 transformed and median centred by genes using the Adjust Data function of the CLUSTER 3.0 software. The data were then further analyzed using hierarchical clustering with average linkage [31] . Finally, we visualized the tree using Java Treeview (Stanford University School of Medicine, Stanford, CA, USA). The analysis was performed by CapitalBio Corporation, Beijing, P. R. China.
lncRNA classification and subgroup analysis
Recently, some classes or clusters of lncRNAs, such as human homeobox transcription factors (HOX) lncRNAs and lncRNAs with enhancer-like functions, have been found to play specific roles in human cells. To further understand the features of differentially expressed lncRNAs isolated in this study, we classified the lncRNAs as follows: lncRNAs with enhancer-like functions, Rinn's lincRNAs, and HOX cluster lncRNAs. Of these classes, lncRNAs with enhancer-like functions were identified using the GENCODE annotation of human genes [30, 32] ; transcripts mapped to the exons and introns of annotated protein-coding genes, natural antisense transcripts that overlap the protein-coding genes and all known transcripts were excluded. Rinn's lincRNA and HOX cluster lncRNAs were identified according to Rinn's reports [33] [34] [35] .
Construction of the coding-non-coding gene co-expression network
The differentially expressed mRNAs and lncRNAs were selected to construct the co-expression network as described in previous reports [36, 37] . The network construction procedures included the following: (1) pre-processing data: for one mRNA with different transcripts, the median value was used to represent the gene expression, without special treatment for lncRNA expression values; (2) screening data: subsets of data were removed according to the lists of the differential expression of lncRNA and mRNA; (3) Pearson's correlation coefficient was calculated, and the P value was used to calculate the correlation coefficient between lncRNAs and mRNAs; and (4) screening based on Pearson's correlation coefficient: Pearson's correlation coefficients greater than 0.99 were considered meaningful and used to draw the lncRNA/mRNA co-expression network with the Cytoscape software (V2.8.3, http://www.cytoscape.org/) [38] . The blue node represents differentially expressed lncRNAs, and the green node represents differentially expressed mRNAs.
Confirmation of differentially expressed lncRNAs by real-time quantitative RT-PCR
qRT-PCR was performed to confirm the differential expression of lncRNAs identified with the microarray analysis. Briefly, the first-strand complementary synthesis reaction was performed using a M-MLV Reverse Transcriptase kit (Invitrogen). Amplification reactions were conducted using Power SYBR Green PCR Master Mix (Applied Biosystems) and an Applied Biosystems 7900HT system. The lncRNA-specific qRT-PCR primers used in this study are listed in Table S1 at the end of this article. GAPDH served as an internal control to normalize the loading of the template cDNA. The PCR thermal cycling conditions were 95°C for 10 min to activate the polymerase and denature the template, followed by 40 cycles of denaturation at 95°C for 15 s, annealing at 60°C for 60 s, and extension at 72°C for 30 s. A melting curve analysis was recorded at the end of the amplification to evaluate the presence of contaminants or primer dimers. Each set of qRT-PCR reactions was repeated three times, and the fold change in the expression of each lncRNA of interest was analyzed using the DDCt method [39] . Student's t test of independent data was used for the statistical analyses. The differences between groups were considered significant when the P-value was <0.05.
Results
Overview of lncRNA and mRNA profiles
In our experiment, we tested thousands of differentially expressed human lncRNAs and mRNAs from RefSeq, ENSEMBL, John Rinn's lab, NRED, H-InvDB, ENCODE, CombinedLit, Antisense ncRNA pipeline, Hox ncRNAs, UCRs, and Chen Ruisheng's laboratory. The differentially expressed lncRNAs and mRNAs were selected as follows: the fold change (the log2 value of the absolute fold change of PCOS/normal (P/N)) cut-off was 2.0, and a positive value indicated up-regulation, while a negative value indicated down-regulation. The fold change and P value were calculated from the normalized expression. We compared the lncRNAs and mRNA expression levels between cumulus cells isolated from five PCOS and five normal patients based on the microarray data. The raw microarray data have been deposited in NCBI's Gene Expression Omnibus (GEO, http://www.ncbi. nlm.nih.gov/geo/) and can be accessed using the GEO series accession number GSE65746. In this study, 24,292 lncRNAs and 30,184 coding transcripts were examined in the cumulus cells of PCOS and normal patients. Of these transcripts, 623 lncRNAs and 260 mRNAs were significantly up-or down-regulated, which could be used to discriminate the cumulus cells of PCOS patients from those of normal patients (≥2-fold) (Tables S2  and S4 ). A clustering analysis of the arrays based on the differentially expressed lncRNAs or mRNAs perfectly clustered the PCOS and normal groups (Fig. 1) .
Of the 623 differentially expressed lncRNAs, 620 lncRNAs were up-regulated in PCOS cumulus cells while only three lncRNAs were down-regulated (Table S3 ). The data indicate that up-regulated lncRNAs were more common than down-regulated ones. Among these lncRNAs, ENST00000433673 (log2 fold change P/N=8.350521) was the most up-regulated lncRNA, while NR_027436 (log2 fold change P/N=−2.47488) was the most down-regulated.
Among the 260 differentially expressed mRNAs, 248 mRNAs were up-regulated, while 12 mRNAs were downr e g u l a t e d ( Ta b l e S 5 ) . O f t h e s e m R N A s , S G C Z (NM_139167) (log2 fold change P/N=4.719) was the most up-regulated mRNA, and HOXA3 (NM_153631) (log2 fold change P/N=−3.943) was the most down-regulated.
Distribution of differentially expressed lncRNAs in human chromosomes
The lengths of differentially expressed lncRNAs ranged from 201 to 11,869 bp, and they were transcribed from the + orstrand of the corresponding chromosomes. Furthermore, these differentially expressed lncRNAs were distributed in all human chromosomes. Except for the regions of three lncRNAs (p0249_imsncRNA392, p0829_imsncRNA629, and UCSC_1350_3661) that were uncertain, 74 lncRNAs were transcribed from chromosome 2, while only seven lncRNAs A B Fig. 1 Cluster of lncRNAs (a) and mRNAs (b) overexpressed in cumulus cells (CCs) obtained from PCOS or normal patients. a Of the 623 differentially expressed lncRNAs, 620 lncRNAs were up-regulated in PCOS cumulus cells, while only three lncRNAs were down-regulated. b Of the 260 differentially expressed mRNAs, 248 mRNAs were upregulated, while 12 mRNAs were down-regulated. The supervised hierarchical clustering of genes overexpressed in CCs obtained from PCOS or normal patients are shown. Distinct signatures were observed in the PCOS and normal groups. The value of each gene was adjusted with a median-centering algorithm on a log scale; the colors indicate the relative gene expression in the red-green heat map. 0.00 is indicated by pure black and represents no change from the median gene expression level in all samples. −2.00 is indicated by pure green and represents lower expression. +2.00 is indicated by pure red and represents relatively higher expression. N1-N5 represents the CC samples from five normal patients. P1-P5 represents the CC samples from five PCOS patients were from chromosome 22. The numbers of lncRNAs transcribed from different chromosomes are displayed in Table S6 and Fig. 2 .
lncRNA classification and subgroup analysis
In the current study, the differentially expressed lncRNAs were classified into three subgroups: HOX loci lncRNA, enhancer-like lncRNA, and lincRNA. (1) HOX loci lncRNA subgroup: 174 lncRNAs were detected in the human HOX loci in this microarray, and only two (int-HOXA3-8 and nc-HOXA9-77) of these lncRNAs were differentially expressed in PCOS samples. All related data are shown in Table S7 . (2) Enhancer-like lncRNAs subgroup:2352 enhancer-like lncRNAs were detected, 87 of which were differentially expressed (Table S8) . (3) lincRNA subgroup: 798 lincRNAs were detected, six of which were differentially expressed in the cumulus cells of PCOS patients (Table S9) .
Construction of the coding-non-coding gene co-expression network
A coding-non-coding gene co-expression network was constructed according the correlation of the differentially expressed mRNAs with the lncRNAs. Within the coexpression network, 43 lncRNAs and 29 mRNAs comprised the CNC network nodes. Most pairs positively correlated (Table S10). The co-expression network indicated that one mRNA correlated with one or more lncRNAs. For example, NPY1R (neuropeptide Y receptor Y1) was related to approximately 20 different lncRNAs and four mRNAs (Fig. 3a) . Furthermore, a previously reported lncRNA, XLOC_011402
(Prader-Willi region non-protein-coding RNA 2, PWRN2), was co-expressed with ATP6V1G3 (ATPase, H+ transporting, lysosomal 13 kDa, V1 subunit G3) (Fig. 3b) . The coexpression network suggests that lncRNAs and mRNAs are inter-regulated in the cumulus cells of PCOS patients.
Quantitative RT-PCR validation
According 4 5 0 2 9 4 , a n d ENST00000432431) with a high signal value in the microarray were selected randomly. The expression levels of the five lncRNAs indicated above, determined by qRT-PCR, agreed with the microarray data for the samples used for the microarray analysis. Specifically, a 3.55-fold change (2.98-fold in the microarray analysis) was observed for XLOC_011402, a 12.72-fold change (8.35-fold in the microarray analysis) was observed for ENST00000433673, a 2.91-fold change (2.47-fold in the microarray analysis) was observed for ENST00000454271, a 4.12-fold change (3.11-fold in the microarray analysis) was observed for ENST00000450294, and a 3.17-fold change (3.00-fold in the microarray analysis) was observed for ENST00000432431 (Fig. 4) . show the relative lncRNA expression measured using qRT-PCR. The white bars show the relative lncRNA expression measured using microarrays. The same samples were used for the qRT-PCR and microarray analyses
The qRT-PCR results for different samples further suggest that the fold changes observed in the microarray analysis were reasonable (Fig. 5 ).
Discussion
Recent advances in sequencing technologies have revealed that the genome is extensively transcribed, yielding a large repertoire of noncoding RNAs, which are emerging as a new class of RNAs with important roles in a variety of biological processes. The lncRNAs that have been characterized have been proven or assumed to play roles in the endocrine systems and endocrine-related diseases [41] . PCOS is the most common endocrine abnormality in women of reproductive age. The lncRNA expression profiles have not yet been described in PCOS, or in cumulus cells, which play pivotal roles in oocyte maturation and metabolism. Although sufficient oocytes are usually retrieved from PCOS patients who are under COS, the number of high-quality mature oocytes is limited. Therefore, in-depth genetic characterizations will help to understand the occurrence and development of PCOS and identify new personalized therapeutic strategies to improve the oocyte quality of PCOS patients who are receiving IVF. In this study, 623 lncRNAs and 260 mRNAs were differentially expressed between CC samples from PCOS and normal patients. The differentially expressed mRNAs (n=260) isolated in this study were not identical to those published in previous reports [2, 13] . This difference may be due to differences in the samples (oocyte, ovarian tissue, or cumulus cells) and the gene chips between ours and the previous studies. Notably, because previous reports have shown that the lean PCOS group is the source of the unique characteristics of Bauthentic^PCOS and obesity may be regarded as modifier of the syndrome or as a separate pathological mechanism that results in similar consequences [13] , we selected lean PCOS patients with lower BMI (21.6±1.5) in this study to reduce the differences in gene expression caused by obesity. In fact, PCOS in lean and obese individuals should be regarded as separate subentities. Subgrouping PCOS patients into more homogeneous groups to do further large-scale molecular research will provide a better understanding of the molecular pathophysiology of this syndrome. Additionally, in this study, we selected patients with tubal factor infertility as a control group. Tubal disease could be mediated by endometriosis or pelvic inflammatory disease. Previous reports have shown that endometriosis could affect the lncRNA expression patterns in the ovaries [42] . Thus, whether the differentially expressed lncRNAs between the PCOS and control groups were induced by a chronic inflammatory state needs further research.
Among the 623 differentially expressed lncRNAs, 620 lncRNAs were up-regulated in PCOS samples, while three lncRNAs were down-regulated. The fact that most differentially expressed lncRNAs (n=74) were transcribed from chromosome 2 is remarkable. Notably, a recent genome-wide association study (GWAS) identified three of 11 susceptibility loci for PCOS on chromosome 2, including the 2p16.3 (rs13405728), 2p21 (rs13429458), and FSHR genes [1, 43] . Our data and previously published studies suggest that the genes located on chromosome 2 play important roles in the development and progression of PCOS. Moreover, because lncRNAs are almost evolutionarily conserved in mammalian genomes and thus function in diverse biological processes, we classified the lncRNAs into different subgroups, lncRNAs with enhancer-like function, Rinn's lincRNAs, and HOX (human homeobox transcription factors) cluster lncRNAs, by comparing them to previous reports [30, [33] [34] [35] . This classification identified most lncRNAs as enhancer-like lncRNAs (n=87), while the numbers of HOX lncRNAs (n=2) and lincRNAs (n=6) were limited. As for the classical enhancers, enhancer-like lncRNAs are orientation-independent and require a minimal promoter in their target genes to enhance their transcription. The function of enhancer-like lncRNAs may be investigated by depleting them and detecting the expression changes of their neighboring protein-coding genes. Several lncRNAs, such as SRA (steroid receptor RNA activator), GAS5 (growth arrest-specific 5), and CTBP1-AS (C-terminal binding protein 1-anstisense), play important roles in the endocrine systems and endocrine-related diseases. Of these lncRNAs, SRA and GAS5 are two wellcharacterized lncRNAs that play roles in the endocrine system by mediating their functions as regulators of nuclear receptor (NR) signaling. SRA modulates the effects of steroid hormones on physiology and development [44] , while GAS5 lncRNA regulates glucocorticoid signaling in metabolic and inflammatory pathways [45] . Unlike SRA and GAS5, which have been linked to many NRs, another lncRNA, CTBP1-AS, is an androgen-responsive (AR) lncRNA and associated with the AR signaling pathway [46] . We detected all three lncRNAs, but their expression levels did not significantly differ between the PCOS or normal groups. This lack of difference may be attributed to the different pathogenic molecular mechanism between PCOS and other endocrine-related diseases.
Notably, the coding-non-coding gene co-expression network provided us with valuable insight. First, approximately 20 lncRNAs were co-expressed with the neuropeptide Y1 receptor (NPY1R). Neuropeptide Y (NPY) interacts with the Y1 receptor (NPY1R) to control adrenergic activity and blood pressure (BP) [47] . Furthermore, NPY1R was identified as a positional candidate gene for both obesity and T2D [48] . A recent study demonstrated that the Y1 receptor plays an essential role in glucose transporter (GLUT4) translocation and may be a potential therapeutic target for type 2 diabetes [49] . PCOS is also associated with endocrine-metabolic derangements that lead to a broad range of adverse sequelae, which include dyslipidemia, atherosclerosis, insulin resistance, and type 2 diabetes [4] [5] [6] . Therefore, we inferred that lncRNAs that were co-expressed with NPY1R play vital roles in the occurrence of PCOS. An improved understanding of these lncRNAs will broaden our perspectives of molecular endocrinology and may facilitate the discovery of new therapeutic agents for PCOS.
Second, we identified XLOC_011402 for the first time, which represents the Prader-Willi region non-proteincoding RNA 2 (PWRN2) that is up-regulated in the CCs of PCOS patients. A previous study [40] reported that PWRN2 is only expressed in the testes and is upregulated after meiosis during spermatogenesis. Consequently, the expression of PWRN2 may be more accurately described to occur in reproduction-related tissues. Furthermore, the coding-non-coding gene co-expression network identified XLOC_011402 and a protein-coding gene (ATP6V1G3) coding for one of the isoforms of a subunit of vacuolar-H + ATPase (V-ATPase), which were coexpressed in cis. The V-ATPase is a multi-subunit enzyme that couples ATP hydrolysis to proton pumping across membranes and regulates the pH of extracellular compartments [50] . In our research, the ATP6V1G3 mRNA level was up-regulated in the CCs of PCOS patients compared to normal patients. We postulated that the high level of ATP6V1G3 mRNA enhances active proton transport and induces the low pH of the follicular microenvironment. A previous report demonstrated that a reduced intracellular pH is associated with changes in the organization or stability of the meiotic metaphase spindle and influences the development of oocytes, even causing aneuploidy [51] . Thus, the higher expression levels of XLOC_011402 and ATP6V1G3 are more likely to cause oocyte dysplasia in PCOS patients by down-regulating the pH level of the follicular microenvironment.
Although the number of identified lncRNAs is growing quickly, further study will be needed to explore their molecular and biological functions. To understand the roles of lncRNAs in the pathogenesis of PCOS, subsequent loss-offunction experiments using RNAi-mediated knockdown in cell lines or animal models will validate associations between lncRNAs and corresponding functional pathways and physiological outcomes. Moreover, the subcellular localization of lncRNAs which could be detected by RNA fluorescence in situ hybridization will provide clues to their biological functions [52] . Ultimately, the differential expression of lncRNAs maybe facilitate the classification of PCOS disease into distinct subtypes and the development of lncRNA-based therapies.
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